Flavobacterium psychrophilum is a serious pathogen in trout aquaculture, and responsible for the diseases Rainbow Trout Fry Syndrome (RTFS) and Cold Water Disease (CWD).
Bacteriophage control of F. psychrophilum may constitute a realistic approach in the treatment of these diseases; however, a detailed understanding of the phage-host interactions is needed to evaluate the potential of F. psychrophilum bacteriophages for that purpose. 22 F. psychrophilum phages from Danish rainbow trout farms were isolated and characterized. The phage genome sizes varied considerably and fell into three major size classes (8.5 -12 kb, 48 kb and 90 kb). Phage host ranges varied from 5 to 23 of the 28 tested F. psychrophilum strains and 18 of the phage isolates showed a unique host range. Each bacterial strain had a unique susceptibility pattern against the 22 phages, and individual strains also showed large variations (up to 10 7 -fold differences) in susceptibility to specific phages. Phage burst size (7-162 phages infected cell -1 ) and latent period (4-6 h) also showed pronounced differences both between phages and, for a specific phage, between host strains. In general, the characterization documented the presence of diverse F. psychrophilum phage communities in Danish trout farms with highly variable patterns of infectivity. The discovery and characterization of broad host range phages with a strong lytic potential against numerous pathogenic F. psychrophilum host strains thus provided the foundation for future exploration of their potential in the treatment of RTFS and CWD. The application of phages to control a certain bacterial pathogen is complicated by the high degree of phenotypic and genotypic diversity within populations of both phages and bacteria (e.g. 6, 13) . Consequently, individual strains of a pathogen may be more or less susceptible, or even resistant to different co-occurring phages. It is therefore a prerequisite for a successful phage control of pathogenic strains to obtain a detailed characterization of isolated phages with respect to host range, adsorption rate, lytic potential, interaction with host etc.
A C C E P T E D
Flavobacterium psychrophilum bacteriophages have to our knowledge not previously been described in the literature. The purpose of the present study was to isolate and characterize a number of lytic phages that infect F. psychrophilum, and to investigate their lytic properties towards their host bacterium under controlled conditions in the laboratory. The study thus provides the basis for an evaluation of the potential of phages to control the F.
psychrophilum pathogen, and consequently their potential application as a treatment of RTFS in aquaculture.
MATERIALS AND METHODS
Bacterial strains. Flavobacterium psychrophilum strains used in this study are listed in Table   1 . The strains included the type strain NCMB 1947 T (serotype Fp T non-virulent for rainbow trout) as well as two well-characterized Danish strains: 900406-1/3 (serotype Th, virulent) and 950106-1/1 (serotype Fd, virulent) (20, 21 ). An additional 23 strains were isolated from diseased rainbow trout in 8 different Danish freshwater farms and 2 strains were isolated from psychrophilum biochemically (8) and by species-specific PCR with DNA primers against a sequence of the 16S rRNA gene (38) .
A C C E P T E D
Strains were kept at -80˚C in Tryptone Yeast Extract Salts broth (TYES-B) (14) with 15 to 20 % glycerol, and strains were always grown in agitated cultures at 15˚C. Strains were taken directly from -80˚C and incubated in TYES-B for a minimum of 48 hours before further inoculations were made either for liquid cultures in TYES-B or on solid agar consisting of TYES broth with 1.1 % agar (TYES-A). Growth rates of the isolates were estimated from the exponential increase in OD 525 during 50 h incubations in agitated liquid cultures at 15˚C.
Isolation of bacteriophages.
Bacteriophages were isolated from water and water/sediment samples from Danish freshwater rainbow trout farms by using enrichment cultures. A total of 65 samples from 17 different farms were analysed. Approx. 25 ml of 0.2 µm filtered sample was mixed with 3 ml 10 x TYES-B and with 2 ml of a mixture of the strains to be used in the enrichment (see table 1 ). The enrichment cultures were incubated for 5 to 7 days at 15˚C with agitation to allow amplification of lytic F. psychrophilum bacteriophages. Following incubation the culture was chloroform (32 µl/ml) extracted and the presence of lytic bacteriophages in supernatant was detected by a modified version of the double -layer method (2): 100 µl of bacteriophages were mixed with 300 µl of F.
psychrophilum cells in the exponential growth phase (OD 525 nm =0.2 -0.5) and incubated at 15˚C for approx. 30 min. Four ml 48˚C top-agar (TYES broth with 0.4 % agar) was added, and the mixture was poured onto a cold TYES-A plate, which were immediately placed at 15˚C.
After incubation of the plates for 3 -5 days at 15˚C the presence of lytic bacteriophages were detected in the form of plaques. Unless otherwise mentioned the F. psychrophilum strain were added to ensure confluent lysis on the plate. Following incubation at 15˚C for 3 -5 days bacteriophages were eluted with 5 ml SM-buffer per plate. After eluting for at least 2 hours the buffer was transferred to a 50 ml tube and the bacterial debris was pelleted by centrifugation volume in TENS-buffer (50 mM Tris-HCl, pH 8.00, 100 mM EDTA, 100 mM NaCl, 0.3% SDS) and proteinase K was added to a final concentration of 100 µg ml -1 . Following incubation at 65˚C for 10 min the solution was deproteinated twice by extraction with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). After deproteination the DNA in the aqueous phase was precipitated with an equal volume of cold isopropanol, incubation at RT for 5 min followed by centrifugation at 16.000 x g (10 min, 4˚C). The DNA was washed twice with 70 % ethanol and finally the pellet was dissolved in 50 -100 µl of water.
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Determination of genome size. The genome size of bacteriophages was determined by Pulsed Field Gel Electrophoresis (PFGE) of purified bacteriophage DNA (13).
The electrophoresis was performed with a Bio-Rad CHEF DRIII system, and carried out with 1% agarose gels in 0.5 x TBE at 14˚C for 22 hours using switch times ranging from 0. Determination of the phage host-range and efficiency of plating. The hostrange of the isolated bacteriophages was determined by spotting 2 µl of bacteriophage concentrate on top of a TYES-A plate freshly prepared with 4 ml of top-agar inoculated with 0.3 ml of the strain to be tested. The host-range was determined on 3 separate plates for each phage-host combination, and all 28 bacterial strains were tested against all the phage isolates.
To determine whether the efficiency of phage infection varied between phages and hosts, a number of different hosts were exposed to a given titre of selected phages and phage infectivity was quantified by plaque assay. Electron microscopy of bacteriophages. 8 µl of a concentrated bacteriophage suspension (minimum 10 7 PFU/ml) in SM-buffer were spotted on top of a formvar/carbon coated copper grid (Ted Pella, inc.) and the bacteriophages were allowed to adsorb for 2 min.
Excess sample was removed by carefully touching the side of the grid with filterpaper.
Bacteriophages were stained by addition of 8 µl of 2% sodium phosphotungstate (PTA, pH 7.6). After 2 min., excess stain was removed and the grid was allowed to air dry for 10 min.
The grids were observed with a Zeiss EM 900 transmission electron microscope at 80 kV.
In some cases the plate eluates needed to be concentrated prior to loading on the grids to obtain sufficiently high phage titer for TEM analysis. Concentration of phages was performed by ultracentrifugation (100.000 x g, 98 min., 20 ˚C; SW55 Beckman) of 4 ml phage stock, followed by resuspension of the pellet in 50 µl SM buffer.
Determination of latent time and burst size. One step growth experiments
were performed to determine the latent period and burst size of selected bacteriophages (2).
Phages were transferred to 1 ml of F. psychrophilum in the exponential growth phase at a 
RESULTS
Bacteriophage isolation. A total of 22 bacteriophages (Table 2) (Table 1) .
Phage genome sizes. As a first approach to distinguish the isolated phages, they were separated according to genome size as determined by PFGE of phage DNA. The phages all fell into one of three genome size groups: Group I (~90 kb), Group II (~48 kb) or Group III ( ~8-12 kb). Several phages had similar genome sizes and only 2 phages had a unique genome size ( Table 2 ). The resolution of the genome size as obtained by PFGE is limited, especially in the high genome size ranges (probably determined with a 4-5 bp accuracy), and it is therefore Fig 1) .
A C C E P T E D
Based on the matrix of host ranges (lysis/no lysis) ( Fig. 1 ) a similarity analysis (Dice's correlation coefficients) was performed using the UPGAMA clustering algorithm (Quantity One, BioRad) (Fig. 2) . According to the analysis the low genome size phages FpV-14, FpV-16 and FpV-19 seemed to branch out as a separate group quite different from the others. The remaining phages clustered into 2 groups with a similarity coefficient of about 0.6, which contained the full range of observed genome sizes as well as different viral morphotypes. Highly variable host ranges were observed within groups of phages with identical genome sizes. For example, all four phages in Group 1 (90 kb) had a unique host range, thus demonstrating that a given genome size may include many different phages. For the Group 2 phages (48 kb), on the other hand, FpV-5, -6, -8, -9, and -11 had identical host ranges, FpV-10 had a very similar host range, whereas FpV-7 showed only little similarity in host range to the other 6 phages (Fig. 2) . In general, the high genome size phages (FpV-1 to FpV-11) had the highest host range as well as the highest fraction of lytic infections of the Plate lysates produced from low host range phages (FpV-7 and FpV-14)
generally contained 10 3 -10 7 -fold lower numbers of infective units than the broad host range phages (FpV-4, FpV-9, FpV-10), when tested against selected host strains (Table 3) .
Moreover, the efficiency of plating (i.e. the number of pfu's in a given plate lysate on the lawn of a given host strain) also varied several orders of magnitude between phage-host pairs (Table   3 Restriction digest patterns. In order to examine whether phage isolates with similar genome size were genetically different, restriction analyses were performed for phages with genome sizes of 48 kb ( Figure 3 ). Of the analysed Group 2 phages (48 kb), FpV-5 and FpV-9 had identical host ranges, while FpV-10 showed 97.2 % similarity to FpV-5 and FpV-9
( Fig. 2) . In contrast FpV-7 had a narrower host range. Both ClaI and EcoRI digests produced similar DNA fragment patterns for of FpV-5, FpV-9 and FpV-10, while phage FpV-7 differed from the other phages (Fig. 3) .
Phage morphology. Phage morphology was examined by TEM for 7 different phages representing the different genome size classes (Fig. 4 , Table 4 ). The separation of phages according to genome size also reflected systematic differences in morphology. The statistically different according to head and tail sizes (Table 3) although there seemed to be small morphological differences between them (Fig. 4) ,, while FpV-7 showed significantly longer tail than the other two ( Table 4 ). The last group containing phages with small genomes (8-12 kb) were more variable but generally had larger head size (>80 nm) and tail diameter (>20 nm) than the other two groups, probably classified as Myoviridae. FpV-7, however, were less efficient than the other investigated phages and produced only 7 ± 1 phages after a latent period of 6 h. Interestingly, the lytic properties of individual phages were dependent on the host strain, as the burst size of phage FpV-9 were 4 times higher using strain 010418-2/3 than using strain 950106-1/1 as host strain (Table 5 ). Adsorption rate of FpV-9 to F. psychrophilum strain 950106-1/1 was estimated to 0.016 ± 0.002 h -1 , corresponding to the exponential decline of free phages during the incubation (Table 5 ). psychrophilum and their phages are characterized by a high degree of complexity at the strain level. The fact that phages were found in more than 50 % of the analysed samples and that 18 psychrophilum phage diversity in aquaculture. However the phages FpV-5, FpV-6, FpV-8, FpV-9, FpV-10 and FpV-11 all had similar genome sizes, very similar host ranges and (for the analysed FpV-5, FpV-9 and FpV-10) similar restriction patterns, but were isolated from three different fish farms ( Table 2 , Fig. 1 and Fig. 3 ) indicating a higher occurrence of this phage or group of phages with relative broad host range. None of the isolated phages were infective towards the type strain NCIMB 1947T. This strain was isolated in Washington, USA from
Susceptibility of

DISCUSSION
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Coho salmon, whereas all other strains originated from Danish fish farms, suggesting that the host range of F. psychrophilum phages is restricted to potentially co-occurring, and thus likely genetically related, host strains.
According to genome sizes, F. psychrophilum phages fell into at least 3 distinct groups of phages, which also showed some characteristic differences with respect to morphology, host range and lytic potential. The intermediate genome size group (Group II) had the largest host range among the 3 groups and altogether infected all susceptible hosts in the present study, with the exception of F. psychrophilum strain 040615-1/3A, which was susceptible only to Group 1 and Group 3 phages. Also the large genome size phages in Group 1 (90 kb) had a relatively broad host range, whereas the small genome phages in group 3 were much more restricted in host range among the tested hosts. In contrast to the general positive correlation between phage head size and their genome size (9), we found the smallest phage genomes in the relatively large phages belonging to Myoviridae.
The Dice correlation analysis of phage host ranges showed clustering of Group 2 phages, suggesting that this group of phages, with the exception of FpV-7, were indeed closely genetically related. Host range data were supported by the restriction analysis, as the (Fig. 1) , which indicates that FpV-10 is not identical to FpV-5
and FpV-9, and perhaps also is an indication that determination of their host range may be more sensitive way of distinguishing between closely related phages than performing a restriction analysis. Generally, however, we cannot exclude based on the used methods, that
FpV-5, FpV-6, FpV-8, FpV-9 and FpV-10 are not identical phages.
Small genome size phages did not show any systematic similarities in host range and generally the study demonstrated that similarity in genome size does not imply similarity in other phenotypic or genotypic characteristics of the phages, although it sometimes is the case. Likewise, similar host range does not imply that phages are genetically related, although that also tended to be the case for certain groups of phages. One consequence of these results is that analyses of natural viral communities based on genome size using PFGE fingerprint severely underestimates the actual viral diversity and should therefore only be used for comparative studies.
TEM analysis of selected phages from Group 1 and 2 to some extent supported their separation according to genome size, in that these phages belonged to the families Podoviridae and Siphoviridae, respectively. Within the groups, however, different phages had distinct sizes and characteristics. Podoviridae and Siphoviridae are generally considered to have a restricted host range compared with phages belonging to Myoviridae (33, 37) . Thus, in contrast to results from these previous, mainly marine, studies, these morphotypes are apparently characterized by infecting a wide range of F. psychrophilum hosts in trout aquaculture. Phage-host interactions. In addition to differences in host range, as discussed above, the individual F. psychrophilum phages also showed large differences in their lytic potential against susceptible hosts. This was illustrated by the variability in infection efficiencies against different F. psychrophilum strains, which covered 7 orders of magnitude.
The generally low efficiency of infection of FpV-4 and FpV-9 on strain 900406-1/3 was probably du to a lysogenic relationship between phages and host as indicated by the turbid plaques produced after spotting (Fig. 1) . Interestingly, the phages which produced the lowest plate lysates titres with F. psychrophilum strain 950106-1/1, FpV-7 ad FpV-14, both had a low host range, and FpV-7 also had the lowest burst size and longest latent period of the examined phages. Generally, results from one step growth experiments emphasized that burst size and latent period are important and variable parameters, which show both phage-specificity and host strain specificity. The mechanisms underlying these differences in lytic properties are not revealed in the present study. There is no indication of a relation between lytic potential and either genome size or morphological characteristics of the investigated phages, and the observed differences are probably to a large extent determined by the differences in phage receptor properties between host strains.
Each bacterial isolate had a distinct susceptibility pattern against the 22 isolated phages and therefore probably represented unique F. psychrophilum strains, and phage susceptibility are probably a highly variable and dynamic parameter among F. psychrophilum The results suggest that a given bacterial species at all times may be represented by multiple strains each with a unique pattern of susceptibility to a diverse community of cooccurring phages, which also have highly variable potentials for controlling the available host.
In culture systems, bacteria rapidly acquire resistance against co-occurring phages (e.g. 4, 17, 22) , and model simulations have proposed that under well-defined growth conditions, populations of sensitive and resistant strains of a given bacterial phylotype may co-exist but fluctuate as a function of phage abundance and differences in competitiveness for substrate (23) . However, the accumulation of data that documents an immense diversity in phage efficiency and host susceptibility, even within a narrow phyologenetic group of bacteria, suggest that phage-host interactions are even more complex than previously proposed from model studies, and that any given phage and host community is characterized by a diversity of different properties. As phage infections represent a strong selection pressure on bacterial communities, we suggest that phage activity constitutes an important driving force for the large clonal diversity of F. psychrophilum strains found in Danish fish farms.
Potential for phage therapy treatment of RTFS. Successful application of bacteriophages in the treatment of bacterial diseases requires a group of broad host range phages in order to cover a possible broad spectrum of potential pathogenic host strains associated with a disease outbreak. A combination of phages with different properties may thus provide the best starting point for further exploration of the potential of phage therapy for controlling pathogenic bacteria. In the present study we have isolated a suite of lytic F. All the isolated phages were infective to the pathogenic strain 950106-1/1, probably reflecting that the strain was used in all enrichment cultures for phage isolation. This observation suggested that it is probably possible to isolate phages for most bacterial strains that is or has been present in a Danish trout farms just by introducing them in enrichment cultures. In a phage therapy context, this is interesting, as it suggests that it is possible to assemble a phage library representing phages for the majority of F. psychrophilum strains present. 
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